ABSTRACT: We investigate the strain hardening behaviour of various gelatin networks -21 namely physical gelatin gel, chemically-crosslinked gelatin gel, and a hybrid gel made of a 22 combination of the former two -under large shear deformations using the pre-stress, strain 23 ramp, and large amplitude oscillation shear protocols. Further, the internal structures of physical 24 gelatin gel and chemically-crosslinked gelatin gels were characterized by small angle neutron 25 scattering (SANS) to enable their internal structures to be correlated with their nonlinear 26 rheology. The Kratky plots of SANS data demonstrate the presence of small cross-linked 27 aggregates within the chemically-crosslinked network whereas, in the physical gelatin gels, a 28 relatively homogeneous structure is observed. Through model fitting to the scattering data, we 29 were able to obtain structural parameters, such as correlation length (ξ 
namely physical gelatin gel, chemically-crosslinked gelatin gel, and a hybrid gel made of a 22 combination of the former two -under large shear deformations using the pre-stress, strain 23 ramp, and large amplitude oscillation shear protocols. Further, the internal structures of physical 24 gelatin gel and chemically-crosslinked gelatin gels were characterized by small angle neutron 25 scattering (SANS) to enable their internal structures to be correlated with their nonlinear 26 rheology. The Kratky plots of SANS data demonstrate the presence of small cross-linked 27 aggregates within the chemically-crosslinked network whereas, in the physical gelatin gels, a 28 relatively homogeneous structure is observed. Through model fitting to the scattering data, we 29 were able to obtain structural parameters, such as correlation length (ξ), cross-sectional polymer 30 chain radius (R c ) and the fractal dimension (d f ) of the gel networks. The fractal 31 dimension d f obtained from the SANS data of the physical and chemically crosslinked gels is 32 1.31 and 1.53, respectively. These values are in excellent agreement with the ones obtained from 33 a generalized non-linear elastic theory that has been used to fit the stress-strain curves. The 34 chemical crosslinking that generates coils and aggregates hinders the free stretching of the triple 35 helix bundles in the physical gels. 36 37 38 39 partially-renatured ordered triple helices 3 . For mammalian gelatin, if the temperature is 48 increased again, to around that at body temperature, the triple helix conformation returns to a coil 49 state once more, and thus the gel reversibly melts into a solution. Physical gelatin networks are 50 mainly held together by hydrogen bonded junction zones 4 . Due to the thermal reversibility, 51 physical gelatin gels are not stable at physiological temperature and above, which limits their 52 applications in tissue engineering or drug delivery where gels are required to be stable for a 53 certain period of time before dissolving. To overcome this drawback, and to stabilize the gelatin 54 gels, chemical or enzymatic crosslinking is desirable. A variety of cross-linking agents have been 55 utilized such as transglutaminase 5 and glutaraldehyde 6 , as well as tannic acid 7 , caffeic acid 8 , 56 bisvinyl sulfonemethyl 9 , genipin 10 , and carbodiimides 11 . Several groups have also successfully 57 prepared gelatin gels with a combination of physical and chemical crosslinking agents 9, 12 . In 58 this study, we choose to investigate glutaraldehyde as a cross linker because it is relatively 59 inexpensive, easily available, and is an efficient gelatin cross-linker. Glutaraldehyde has been 60 widely used during the past 50 years to immobilise and stabilise proteins through covalent 61 intermolecular cross-links. It reacts mainly with the protein's amino groups, in lysine side-chains 62 4 and at the N-terminus, although minor involvement of other residues (arginine, histidine, 63 tyrosine and cysteine) has been reported 13 . 64
The linear and non-linear elasticity are among the most important properties for both 65 applications and a fundamental understanding of these gel networks under deformation. One 66 specific non-linear behaviour of gelatin gels is their tendency to strain harden at large 67 deformations, meaning that when they are deformed the observed stress increases faster than the 68 strain 14 . Understanding the stress responses of these differently cross-linked gelatin networks 69 under large deformations is extremely important for their food, biomedical, and tissue 70 engineering applications. For example, the texture and aroma release during the chewing and 71 masticating of gelatin-based foods are related to their mechanical properties under large 72 deformation. Furthermore, gelatin gels used in artificial tendons and ligaments would be 73 subjected to large stretch during real life body locomotion. 74
Unfortunately, most studies to date have focused on the linear rheology or small deformation 75 rheology of various cross-linked and physical gelatin gels both experimentally and theoretically 76 6, 15 . Of the few studies undertaken of large deformation or non-linear rheology of gelatin 77 networks, most of them have focused only on non-cross-linked physical gelatin networks 14, 16 . 78
The objective of this study is to correlate the large deformation rheological properties of 79 various gelatin gel networks, namely gelatin physical gel, chemical gel, and mixed-crosslink gels 80 to their internal network structures. The different gelatin gel networks can be achieved by setting 81 the temperature below or above the gelation temperature and in the presence or absence of 82 chemical cross-linkers. 83 84 6 First, chemical networks were made following the above protocol. After that, the temperature of 108 the rheometer plate was cooled down from 35°C to 20°C (5°C/min) to allow for physical 109 networks (triple helix) to form at 20°C for an additional 5h. 110
111

Rheology 112
All rheological measurements were performed at least twice on duplicate samples. 113
Dynamic rheological measurement 114
Rheological measurements were carried out in an MCR 302 (Anton Paar GmbH, Graz, Austria) 115 stress-controlled rheometer fitted with a stainless steel plate and plate geometry (diameter: 50 116 mm) setting to a gap of 0.50 mm. Sunflower oil was placed around the exterior to minimize 117 water evaporation during measurements. During gelation, time sweep measurements were 118 performed at a constant frequency of 1Hz with a constant applied strain of 1% to monitor the 119 gelation kinetics until the storage modulus reached a plateau. At the end of the time sweep, the 120 frequency-sweep measurement was carried out at a constant strain of 1% for frequencies ranging 121 from 10 -2 Hz to 10 Hz. Finally, the strain-sweep measurements were performed at a constant 122 frequency of 1 Hz for strains ranging from 10 -1 % to 10 4 %. In these dynamic measurements the 123 elastic modulus G', and the viscous modulus G'' were obtained. 124
125
Large deformation rheology measurements: Pre-stress protocol 126
To better quantify the non-linear behavior of the various gelatin gels, a differential measurement 127 was utilized. A low amplitude oscillatory stress ߜߪ was superposed to a constant applied pre-128 stress ߪ , and the differential elastic modulus, ‫ܭ‬ ᇱ ሺߪ ሻ = [ߜߪ/ߜߛ] ఙ బ was determined as a function 129 of ߪ at 1 Hz. The first applied constant stress was 1 Pa in amplitude. Subsequent pre-stresses 130 7 were, 2, 4, 6, 8, 10, 20, 40, 60, 80, 100, 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800, 2000, 131 2200, and 2400 Pa until the network broke down. At each interval of applied constant stress, 132 small deformation oscillations (1 Pa) were conducted at frequencies ranging from 10 -1 Hz to 100 133 Hz for 5 minutes. Finally, the differential elastic modulus at 1 Hz versus the applied constant 134 stress were obtained. 135
136
Large deformation rheology measurements: Strain ramp (constant shear) protocol 137
Another protocol that can be used to study the nonlinear rheology of biopolymer networks is to 138 use constant shear or a strain ramp, in which the strain is the control variable, which is increased 139 linearly in time, while the stress is measured. The advantage of this method is that the 140 nonlinearity, such as strain-hardening is observed directly, otherwise the stress-strain curve in 141 simple shear is a straight line for materials that do not show any strain-hardening 14 . This method 142 has been used to study the nonlinear rheology of gelatin 14 , and cross-linked actin networks 17 . 143
144
The stress-strain curve is obtained by applying a constant shear with shear rates ranging between 145 0.01 and 0.1 s -1 to various gelatin gels. Further, the pre-stress protocol above was modified 146
slightly to obtain the stress-strain curve in order to compare it with the one obtained from a 147 constant shear protocol. To achieve this, the small oscillation superposed stress described above 148 was removed; and constant stresses (2, 4, 6, 8, 10, 20, 40, 60, 80, 100, 200, 400, 600, 800, 1000, 149 1200, 1400, 1600, 1800, 2000, 2200 , and 2400 Pa) were applied for 5 min and the resulting 150 strains were measured.. 151
152
Small angle neutron scattering (SANS) 153
Page 7 of 40 Biomacromolecules   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 and 2θ is the scattering angle. These configurations were: (i) source-to-sample distance (SSD) = 157 20.1 m, sample-to-detector distance (SDD) = 20.2 m, using a wavelength of 8.1 Å with MgF 2 158 focussing optics and source aperture diameter 10 mm; and (ii) SSD = 11.9 m, SDD = 12.2 m 159 and (iii) SSD = 7.9 m, SDD = 1.5 m and using a wavelength of 5.0 Å with source aperture 160 diameter of 50 mm. A 10% wavelength resolution was used throughout and with sample 161 aperture diameter of 10 mm. 162
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To form the physical gels, the pure 3% w/w gelatin solution in D 2 O was transferred into a quartz 164 rheo-SANS cell at around 50 °C and cooled below the gelation temperature to 20 °C using a 165
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Qualitatively, all the gelatin gels exhibited similar trends of ‫ܩ‬ ᇱ and ‫ܩ‬ ᇱᇱ as a function of applied 248 strain. The strain sweep curve can be divided into three regions. First, up to a critical strain, both 249
‫ܩ‬
ᇱ and ‫ܩ‬ ᇱᇱ remained independent of the applied strain. In this strain region, only reversible 250 deformations occur also known as the linear viscoelastic region (LVR). In the second region, 251 when the applied strain is further increased, both at a high applied strain, both ‫ܩ‬ ᇱ and ‫ܩ‬ ᇱᇱ begin to decrease, suggesting that the gelatin gel 256 networks are starting to break. In this region, materials show more liquid behaviour than solid 257 behaviour which might relate to the flow of the fractured samples. To investigate if there is slip 258 upon shear and break up, strain sweep measurements were performed for gelatin physical gel 259 using plate-plate geometry with different gaps. As shown in Fig. S.1 ., the break-up (crossover of 260 G' and G'') shows up at similar strain, therefore the slip effect can be ruled out 25 . 261
Page 13 of 40 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 From the strain sweep measurements, it can be seen that all the gelatin gels demonstrate strain-269 hardening behaviour. To better characterize the nonlinear rheological properties of gelatin gels, a 270 pre-stress protocol was used. In this approach, a constant level of stress was imposed and then a 271 low-amplitude oscillatory deformation was superimposed to obtain the so-called differential 272 modulus as a function of stress at a fixed frequency, ‫ܭ‬ ᇱ ሺߪሻ, of the material in its stressed or 273 strained state 26 . 274 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   15 The behaviour of ‫ܭ‬ ᇱ as a function of the applied constant stress, is shown in Fig. 4 In the lower stress region, the power law exponent is similar to that of the chemical gelatin gel. 281
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In the high stress region, the power law exponent is similar to that of the physical gelatin gel. 282
This finding indicates that the physical network within the hybrid gel dominates its strain 283 hardening behaviour in the high stress region, whereas the chemical crosslinks play a more 284 important role in the low stress region; although the power law fitting is merely indicative the 285 power law dependence of ‫ܭ‬ ᇱ with applied stress is higher for gelatin physical gel than chemical 286 gel, as clearly seen in Fig.4 . 287
The nonlinear response of all gelatin gels appears to deviate from an affine entropic elasticity 288 model, which predicts an increase of ‫ܭ‬ ᇱ ሺߪ ሻ~ߪ ଵ.ହ . This entropic nonlinear elasticity model 289 assumes an affine deformation within the sheared samples and that the network elasticity 290
originates from the resistance of individual network elements to stretching described by a worm-291 like chain model 26 . However, in affine models, interactions between polymers are ignored so 292 that polymers deform independently without affecting their neighbours. Such a deformation can 293 only occur under ideal conditions 26 . The affine (homogenous) deformation is not a reasonable 294 assumption for physical and chemical crosslinked gelatin gels. First, it is suggested that 295 structural non homogeneities can play a major role in the degree of non-affinity in polymer gels 296 26 . The non-homogeneities are suggested to be present in chemically crosslinked gelatin gels 297 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 through our SANS studies (see below). Heterogeneities are also reflected by the fact that the 298 chemical crosslinked gel showed a higher degree of deviation from the affine model compared to 299 that of physical gel ሺ ‫ܭ‬ ᇱ ሺߪ ሻ~ߪ ଵ.ହ ሻ. Second, some researchers have adopted the non-affine 300 nature of the network to predict the strain hardening in a collagen systems 27 . This implies that the 301 non-affine network may also provide a possible contribution to the strain hardening of gelatin 302 gel 28 . Third, as a hydrogel, the gelatin gel contains a large amount of water. Furthermore, the 303 gelatin gel contains a "sol fraction", i.e., the dissolved gelatin molecules that have not 304 participated in the infinite gel network. These viscous factors contribute to the nonlinear 305 viscoelastic behaviour of gelatin gels, which cannot be described in the pure affine elastic 306 models [28] [29] . In the view of the above considerations, the worm-like chain affine model is too 307 simplistic and ideal for explaining the strain hardening of various gelatin gels. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The comparison of data obtained with strain ramp, pre-stress protocols and large amplitude 318 oscillation shear (LAOS) is presented in Fig. 5 . The pre-stress method measures the nonlinear 319 mechanical response at a specific frequency, while the strain ramp probes the system at a specific 320 rate, and thus probes the response over a range of frequencies 30 . LAOS is performed by 321 subjecting a material to a large sinusoidal deformation and measuring the resulting mechanical 322 response as a function of time 24 . For the gelatin chemically-crosslinked and hybrid gels, the pre-323 stress and strain ramp protocols agree well over a decade of shear rates, as shown in Fig. 5 
(B) 324
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show a deviation from the pre-stress protocol. The excellent agreement between pre-stress 326 protocol and constant shear protocol performed on chemically cross-linked gels was also 327 observed in F-actin cross-linked with permanent biotin-NeutrAvidin 30 . 328
To better understand the nonlinear rheology of these gelatin gels, the BST equation with the 329 scaling model was employed to fit stress-strain curves. In the BST equation 31 , the nonlinear 330 stress response ߪ under shear deformation with strain ߛ is: 331
Where 332
‫ܩ‬ is the linear elasticity modulus whereas ݊ ୗ is the nonlinearity parameter. It is noted that 333 for ݊ ୗ = 2, eq. (1) reduces to the ideal rubber elasticity case ߪ = ‫.ߛܩ‬ 334
335
To understand the nonlinearity parameter ݊ ୗ through a molecular interpretation of gelatin 336 networks, a scaling model (based on the fractal structure of the polymers), a FENE model (based 337 on the finite extensibility of the polymers), and a rod and coil model (based on the biochemical 338 microstructure of gelatin) was developed 14 . It was found that the scaling model, with only one 339 adjustable parameter, the fractal dimension ݀ , could better describe the stress-strain curves in a 340 quantitative way. The BST-scaling model was therefore employed to interpret the results. The 341 relationship between the nonlinearity parameter ݊ ୗ and the fractal dimension ݀ is as follows, 342 
The summary of the linear elasticity modulus G, nonlinear elasticity parameter ݊ ୗ , and the 343 fractal dimension ݀ of various gelatin networks obtained using both pre-stress protocol and 344 strain ramp protocol are listed in Table 1 . 345
It is clearly seen that the value of ݊ ୗ obtained for the physical gels is higher than that of the 346 chemically-crosslinked gels suggesting a higher degree of strain hardening behaviour observed 347 in the physical gels. This behaviour was also observed in the larger exponent of the power-law 348 scaling of the differential elastic modulus with applied constant stress in the physical gels than 349 that of the chemically-crosslinked gels using the pre-stress protocol (Fig. 4) . However, the value 350 of ݊ ୗ for the hybrid gels is similar to that of the chemically-crosslinked gels. In the pre-stress 351 protocol, two power law scaling regions for the hybrid gels and only one power-law scaling for 352 chemically-crosslinked gel were observed. This may be because the single fitting parameter, 353 ݊ ୗ , cannot fully describe the strain hardening behaviour of the hybrid gels that contain a 354 hierarchy of structures each with its own mechanical and structural behaviour. The fractal 355 dimension ݀ of the physical gel obtained from different large deformations rheological 356 approaches ranges from 1.38 to 1.40. For the chemically-crosslinked and hybrid gels, the fractal 357 dimension ݀ ranges from 1.48-1.49 and 1.45-1.47, respectively. Further the differences of onset 358 of nonlinearity can be observed for all three gelatin gels using different large deformation 359
protocols. 360
Both the difference of ݊ ୗ and the onset of nonlinearity obtained using different protocols could 361 be attributed to the creep effect of these gelatin gels, since different protocols probe the strain 362 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 hardening behaviour at different time scales. As discussed before, the free dangling gelatin 363 chains ("sol fraction") and chains entanglement could cause creep and provide a viscous 364 contribution to the strain hardening behaviour. 365
As can be seen in Fig. 5 , all three kinds of gelatin gels exhibit different breaking strain using 366 different large deformation protocols (for Pre-stress and LAOS protocol, the last data point 367 corresponding to break-up), while the strain rate effect was insignificant on the stiffness (linear 368 modulus) properties. These results are in agreement with other studies on the fracture properties 369 of gelatin gel 32 . In this paper the strain hardening behaviour of various gelatin gel under large 370 shear deformation is the principal focus. The BST model above was used to discuss the stress-371 strain curves and is based on fractal structure concepts that do not address fracture behaviour. 372
The fracture (breaking) of various gelatin gels are governed by different mechanisms and depend 373 on their structures 16 . The limits before network breaking do not lie in the same order in the three 374 gels; in addition, the fracture mechanism for different physical or chemical cross linked gel are 375 different. As can be seen in Fig.5 , the scatter of the breaking strain using different large 376 deformation protocols is more obvious in physical gelatin gel than that of chemically crosslinked 377 gelatin gel. This could be due to the difference of fracture mechanism between physical and 378 chemically crosslinked gels. For gels in which the polymer chains are cross-linked covalently 379 (chemically crosslinked gelatin gel), fracture involves the breaking of covalent bonds in the 380 cross-links or in a polymer chain. The fracture parameters are (nearly) independent of strain rate. 381
This might be attributed to the fact that energy dissipation during deformation is small or 382 virtually absent, owing to the very small permeability of the gels. The low ultimate strength of 383 the chemical gel in figure 5B is probably due to the presence of micro-cracks or defects caused 384 by the inhomogeneties that are minimal in physical gels 33 . 385 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   21   386 In terms of gelatin physical gel, large deformation of the gel may lead to the 'unzipping' of these 387 junctions (triple helix). It has been suggested that for gelatin physical gel, both fracture stress and 388 strain depend on the strain rate 16, 34 . Unzipping of the bonds takes a finite time and this may itself 389 cause the fracture strain or stress to become deformation-rate dependent. Also, fracture stress and 390 strain depend on the stochastic nature of the structure and on the fracture force of the bonds. The 391 latter parameters will also vary in a stochastic manner, resulting in a large scatter of the results 33 . 392 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
LAOS). 405
Small angle neutron scattering (SANS) 406
To investigate the structural differences between various gelatin gels, SANS experiments were 407 conducted on the physical and chemically-crosslinked gelatin gels. SANS is a useful probe 408 covering a large size range from the nanometers to fractions of a micrometer and covering the 409 sizes of individual polymer chains and clusters 35 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 Firstly, a Kratky plot is employed to investigate the structure differences between physical and 412 chemically-crosslinked gelatin gels (Fig.S.2) . The shape of the Kratky plot yields information on 413 the conformation of the scattering unit
36 . An onset of a peak at low q is observed in the Kratky 414 plots of chemically-crosslinked gelatin gels and suggests the presence of frozen non-415 homogeneities in the gel network 37 . The extent of heterogeneity of a polymer gel depends on the 416 polymerization mechanism and reaction conditions 38 . These non-homogeneities in the 417 chemically-crosslinked gelatin gel network could be due to the presence of cross-linking 418 aggregates. It is suggested that in the chemically-crosslinked gelatin gels, network construction 419 proceeds in a random and heterogeneous manner, with cross-links being formed in localized 420 regions, forming aggregates, which then come together 12a . Such spatially heterogeneous 421 structures, with dense clusters linked by sparse networks, are also observed in other 422 glutaraldehyde cross-linked protein systems using small angle X-ray scattering 13 . For the 423 physical gelatin gels, the Kratky plot indicates the relative homogeneous network in the studied q 424 range. In this gel the single-strand to triple-helix transitions occurs throughout the solution 425 thereby preserving a homogeneous network 12a, 39 . However, it is worthy to note that the presence 426 of large non-homogeneities was also observed in the physical gels network in the ultra-low q 427 regime using USANS 40 . 428 429 Under large shear deformation, relatively large-scale structure clusters might be expected to 430 reorganize causing non-affine deformations. For the physical gels, both the rod-like structure of 431 triple helix bundles and flexible coils are believed to be present within the gel networks. When 432 the gels are deformed, the junction zones of the triple helix bundles may experience 433 deformations from compression and bending in addition to simple stretching 41 .
For chemically-434
Page 24 of 40 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25 crosslinked gelatin gels, small cross-linked aggregates and random coils within its heterogeneous 435 networks are expected to experience various degrees of stretching and reorganization under large 436 shear deformation. The assumption of an entropic affine deformation model is therefore likely 437 too simplistic to describe the strain hardening of both the physical and chemically-crosslinked 438 gelatin gels networks. It can be seen that the nonlinear response of these two gels deviates from 439 an affine entropic stretching elasticity model, which predicts ‫ܭ‬ ᇱ ሺߪ ሻ~ߪ ଵ.ହ (Fig.4) 42 ; although 440 for the physical and hybrid gels, an asymptotic 1.5 power-law scaling is observed at large stress 441 prior to breaking. This may arise from the gel structural units undergoing significant stretching in 442 an affine way prior to breaking thus making the entropic nonlinearity model in this regime a 443 reasonable description of the system 43 . A similar behaviour has been found with pectin gels; 444 while strain-stiffening experiments reveal power law behaviour with exponents of around unity, 445 their behaviour can be mapped onto the generic model asymptotically 44 . 446
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More insight into the nano-scale structure of these networks may be obtained by fitting the 447 SANS data with an empirical model 36 . One approach is to use the correlation length model 35 to 448 interpret the SANS spectra of gelatin gels 12a and other hydrogel systems 36, 45 over the whole q 449 range. Another approach is to employ the fractal dimension (power-law) model and Guinier 450 model to individually fit the SANS spectra of gelatin gel over specific q ranges 40, 46 . In the 451 following, we apply both approaches and describe our results in comparison to existing 452 literature. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Parameters obtained from fits to the SANS spectra of the physical and chemically-crosslinked 472 gelatin gels are summarised in Table 2. In the low q range, both gels may be described as mass 473 fractal as indicated by power law exponent, n, of 2.46±0.04, and 2.69±0.07, respectively. The 474 value of n between 2.4-2.6 could reflect weakly segregated network (2.5), randomly branched 475
Gaussian chains (2.28) or indicate mass fractals (<3.0), amongst others 54 . The differences in 476 exponent, n, in the low q range that characterise the gel large-scale structure suggest different 477 morphology of the networks 47 . 478
In the mid-q regime, the Lorentzian exponent, m, extracted from the fitting can be employed to 479 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 between good solvent and theta solvent. A fully swollen chain could suggest the presence of a 489 "sol fraction", i.e., the dissolved gelatin molecules that have not participated in the infinite gel 490 network. These viscous factors contribute to the nonlinear viscoelastic behaviour of gelatin 491 physical gels, which cannot be described with the pure affine elastic models, as discussed 492 before 29a 29b 28 . Such creep effects could partly explain the large scatter of breaking strain (see 493 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 29
Here B is the background scattering. The scattering profile of SANS data in the intermediate q-508 regime, q=0.01 to 0.08Å -1 exhibited a power law dependence shown in Fig.9 . We chose to 509 examine the power law region exhibited in that q-regime based on a previous SANS study of 510 physical gels 53 . The fractal dimensions ݀ of physical and chemically-crosslinked gels were 511 around 1.31±0.02 and 1.53±0.03, respectively. Notice that the ranger over which the power law 512 is well presented is larger for chemical gels possibly because of the existence of inhomogeneities 513 due to crosslinking. For polymer chains, a slope n=1.67 is typical for fully swollen coils and a 514 slope n=1 is for rod-like structure 54 . For the physical gel, an exponent n=1.35 indicates a semi-515 flexible extended structure of gelatin triple helix bundles 40 . Furthermore, the ݀ =1.31±0.02 516 deduced from this SANS study of physical gels is comparable with the ݀ values (1.38-1.40) 517 measured from model-fitting the stress-strain curve (Table.1 ). (The discrepancy might be due to 518 the narrow data-fitting range and the large error that ensues.) For chemically-crosslinked gels, a 519 power exponent ݀ =1.53±0.03 suggests the existence of less rod-like, more swollen coils and 520 small cross-linked aggregates within its network. This swelling is probably due to the local 521 osmotic pressure that builds up between the inhomogeneities and the rest of the gel. As expected, 522 the chemically-crosslinked gelatin gel is made only of random polymer coils and small 523 aggregates with an absence of triple helix bundles due to gel formation above the transition 524 temperature of the random coil to triple helix 12a . There is a good agreement between the ݀ 525 obtained from SANS model fitting (݀ =1.53) and from fitting the stress-strain curve for chemical 526 gel (݀ =1.48-1.49). The nonlinearity in rheology of the physical and chemically-crosslinked 527 gelatin gels can be partly understood based on their fractal structures. The transition or the 528 30 crossover in the spectrum around 0.01 Å -1 occurs earlier in the q-values for chemically 529 crosslinked gels because of the osmotic pressure between the aggregates and the random coils. 530
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The asymptotic region in the large q-domain (q>0.14 Å -1 ) is expected to reveal the local rigidity 532 whereby the chain cross-section makes a finite contribution to the measured structure factor 51a . 533
According to the Kratky-Porod equation, in the far q domain, one has 534
where R c is the chain cross-sectional radius. The SANS results reveal that the presence of structural differences between physical gelatin gel 541 and chemically crosslinked gelatin gel at various length scales. These structural differences are 542 proposed to contribute to the differences of their large deformation rheological properties. 543
544
Conclusions 545
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The strain hardening behaviour of three gelatin gels: a physical gel, a chemically-crosslinked gel, 546 and a hybrid network containing both physical and chemical crosslinks, have been studied by 547 three large-shear deformation protocols, namely pre-stress, strain ramp, and large amplitude 548 oscillation shear (LAOS). When using the pre-stress protocol, the different gelatin gels exhibit a 549 different power law scaling of the differential elastic modulus towards applied constant stress. 550
Specifically, for the physical gelatin gel, in the strain hardening region, ‫ܭ‬ ᇱ ሺߪ ሻ~ߪ ଵ.ଶ±.ଵହ while 551 for chemically-crosslinked gelatin gel , ‫ܭ‬ ᇱ ሺߪ ሻ~ߪ .ଽ±. . For the hybrid network, there are two 552 power law regions. In the small stress region, the power law exponent is similar to that of the 553 chemically-crosslinked gelatin gel whereas in the large stress region, the power law exponent is 554 similar to that of the physical gelatin gel. The results from the pre-stress, strain ramp, and the 555 LAOS agree well in the case of the chemically-crosslinked and the hybrid gel but not as well for 556 physical gels. Further, the BST-scaling model was employed to fit the stress-strain curves of the 557 various gelatin gels; the nonlinearity parameter n BST obtained from the physical gel (3.50-3.65) 558 was found to be higher than that of the chemically-crosslinked gel (3.05-3.10) or the hybrid gel 559 (3.15-3.20) indicating a higher degree of strain hardening in the physical gelatin gel at the strain 560 investigated. The fractal dimension ݀ obtained from model fitting is 1.38-1.40, 1.48-1.49 and 561 1.45-1.47, for the three gels above respectively. 562 563 Small angle neutron scattering revealed that the physical and chemically-crosslinked gels exhibit 564 hierarchical structures. The Kratky plots of SANS data suggest that a relatively homogeneous 565 network is formed in the physical gels, whereas in the chemically-crosslinked gels, there are 566 some small cross-linked aggregates. As a result, higher deviation from a power law behaviour 567 with exponent smaller than 1.5 in the strain hardening of the chemically-crosslinked gel 568 32 compared to that in physical gelatin gel comes as no surprise since non-affine deformation 569 occurs in such heterogeneous structure. As discussed before, non-homogeneities can play a 570 major role in the degree of non-affinity in polymer gels. Such non-homogeneities could hinder 571 the free stretching of gelatin chains. 572
Through fitting the correlation length model to the SANS data, correlation lengths were obtained 573 for these gels to be 69.2±2.4 and 83.49±0.10 Å, respectively. To further extract the structural 574 parameters from the SANS, individual fits were performed on the power-law regime, and high-q 575
Guinier regime. The cross-sectional radii of the gelatin chains for the physically-crosslinked and 576 chemically-crosslinked gels were found to be 0.33nm and 0.34nm, respectively. The fractal 577 dimensions ݀ obtained from the power law fitting in the q-range ~0.01 to ~0.06Å -1 were 578 1.31±0.02 and 1.53±0.03 for these gels respectively, is comparable with the values of ݀ 579 obtained from fitting the stress-strain curves. 580 581 In summary, large deformation (strain hardening) and fracture behaviour of gelatin gels is related 582 to their structure in a much more complicated and subtle way than small deformation behaviour. 583
For all three gelatin gels, the differences in strain hardening and fracture behaviour can be 584 observed when using different large deformation protocols, although the difference of strain 585 hardening behaviour is much smaller. Using the BST model, the difference of strain hardening 586 between gelatin physical gel and chemically crosslinked gel can be linked to their fractal 587 structures differences measured by SANS. However, due to their hierarchical structure, other 588 factors including dangling chains (viscous contribution), creeping effect, the elasticity difference 589 between Gaussian chain and non-Gaussian chain (swollen chain), unzipping of triple helix 590 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 33 junction zones, structural reorganization under shear, and the presence of non-homogeneities 591 (non-affine deformation) may also need to be considered to understand their strain hardening 592 behaviour. For example, it is expected that the presence of dangling chain, unzipping of triple 593 helix junction zones, and creep could play a more important role in determining the large 594 deformation properties of gelatin physical gel as evidenced by the large scatter of breaking strain 595 when probed at different time scales. However, in the case of chemically crosslinked gelatin gel, 596 the non-affine deformation may become a more crucial factor in determining its large 597 deformation properties due to presence of non-homogeneities. This is reflected by its larger 598 deviation from the power law model (smaller than exponent 1.5) as suggested for polymers 599 under affine deformation. 600
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